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Abstract

Neurodegenerative diseases such as Alzheimer's, Parkinson's, and amyotrophic lateral ~ Article History
sclerosis (ALS) are strongly associated with the misfolding and aggregation of key proteins, Received:
often driven by oxidative stress. In this study, we employed single-molecule techniques—  January 15,2025
including fluorescence resonance energy transfer (sSmFRET), atomic force microscopy, and Revised:
. . . o . . February 25, 2025
optical tweezers—to investigate how oxidative stress modulates the folding dynamics of
disease-associated proteins including amyloid-B, tau, o-synuclein, TDP-43, and FUS. Accepted:
March 02, 2025
Experimental conditions simulated increasing oxidative stress through graded hydrogen
Auvailable Online:

peroxide (H20:) exposure. Our results revealed a clear dose-dependent relationship between June 30. 2025

oxidative stress and both the rate of protein misfolding and extent of aggregation. Quantitative
analysis across eight datasets demonstrated that higher ROS levels significantly elevated
misfolding rates (up to a 12-fold increase) and aggregation percentages (reaching 70% in high-
stress conditions). Single-molecule tracking enabled detection of transient misfolding
intermediates otherwise missed by ensemble techniques. Fitting data of ten kinetic sets to
thermodynamic models showed that whenever oxygen was removed, proteins kept their native
shapes. The findings point to oxidative stress being an important early reason why proteins
accumulate dangerously in brain disorders. Moreover, what we do helps prove the importance
of single-molecule studies in understanding events that steer cells away from functioning
correctly. Thanks to these findings, scientists are designing ways to help manage redox balance
and protein folding which could slow or stop age-related decline in the brain.

Keywords: Oxidative Stress, Protein Misfolding, Neurodegeneration, Single-Molecule
Techniques, Amyloid Aggregation, Reactive Oxygen Species.
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INTRODUCTION

These diseases result in a loss of brain cells due to
mismatched proteins and synaptic problems and
disrupt usual brain functions (Maurya et al., 2023).
The fact that  Alzheimer’s, Parkinson’s,
Huntington’s and Amyotrophic lateral sclerosis
have complicated causes, blending genetics and
environmental factors, makes them very difficult
(Hansen et al., 2022; Ruffini et al., 2020). Even with
recent improvements in understanding which genes,
biomarkers and environmental factors lead to
neurodegenerative diseases, finding treatments
remains difficult, so it is important to learn more
about the basic causes of these diseases. In many of
these disorders, unusual amassing of proteins can
cause the buildup of crippling plaques or tangles
which disturb cell functioning and result in neuronal
death. The different proteins found in
neurodegenerative diseases such as amyloid-3, tau
in Alzheimer's, a-synuclein in Parkinson’s and
TDP-43 and FUS in ALS, call for careful studies of
how each protein behaves in its cellular
surroundings (Calabrese et al., 2022). Problems
with proteostasis often happen in these diverse
disorders because proteostasis is the system that
maintains protein balance (Argueti-Ostrovsky et al.,
2021). A normal system may lose its function if
there are abnormalities in protein production,
arrangement, aggregation or disposal, leading to the
accumulation of mishaped proteins (He et al., 2020).
In addition, too many reactive oxygen species are
understood to play a role in causing these problems
with protein misfolding (Zhou et al. 2022). Roughly
70% of ROS in cells are made by the electron
transport chain in the mitochondria, with the rest
made by NADPH oxidases (Zhou et al., 2022). An
inability of mitochondria worsens the development
and advancement of neurodegenerative diseases
(Clemente-Suarez et al., 2023).

Using single-molecules makes it possible to
examine the ways in which proteins misfold and
aggregate in disorders of the nervous system. Using
these approaches, scientists are able to keep track of
and change single protein molecules, uncovering
information about how they act and what they
interact with. Researchers use single-molecule
fluorescence microscopy to view single proteins
changing shape and detect a range of different
structural states and ways they transition from one
state to another. Atomic force microscopy helps
uncover how hard these protein clusters are and how
easily they dissolve or denature. Optical tweezers
trap and control little entities using lasers, helping to
measure the forces linked to proteins folding and
aggregating which reveals the way these events are
controlled by energy differences in the system.
Unravelling the — mechanisms involved in
neurodegenerative disorders is now made possible
with these tools that allow researchers to observe
how protein populations vary and follow temporary

intermediates and how misfolding happens.

When mitochondria malfunction and there are
metal imbalances, stimulation of glial cells
encourages protein misfolding and too many
reactive oxygen species (Zhou et al., 2022). In
regular disease-free conditions, ROS are produced
and removed in an extremely regulated way; yet,
things change when pathological circumstances
occur. Singular molecule analysis of the causes of
protein misfolding could discover new options for
treating and  preventing  neurodegenerative

disorders.

In neurodegeneration, oxidative stress is key and
results from a greater release of reactive oxygen
species than can be handled by the antioxidant
system (Teleanu et al., 2022). Excess ROS can
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cause lipids to perish, cause harm to DNA, start cell
death, corrupt proteins and damage cell membranes
(Chaudhary et al., 2023). When there is too little
antioxidants and too many free radicals, highly
reactive chemicals collect and harm lipids, DNA and
proteins in cells which can cause nerve cells to fail
and die (Bahader et al., 2023). A feature of
neurodegenerative disorders is that mitochondrial
dysfunction greatly increases oxidative stress.
Because mitochondria produce many reactive
oxygen species when dysfunctional, they cause
more harm to the cells. Neuroinflammation is a
main trait of neurodegenerative diseases and it also
causes increased levels of oxidative stress. When
activated, microglia and astrocytes discharge
inflammatory substances and reactive oxygen,
setting up a cycle that badly affects and damages
neurons. Besides, toxins from the environment and
abnormalities in genes can upset the redox balance
and lessen the body’s defense against oxidative
damage, placing the nervous system at greater risk
of neurodegeneration. Cells fight against chemicals
by activating the KEAP1/NRF2/ARE pathway
(Naidu & Dinkova-Kostova, 2020).

When oxidative stress occurs, it may start a
sequence of events that eventually leads to problems
and death in cells throughout the brain (Wu et al.,
2020). When oxidative stress rises, it stimulates the
NF-xB pathway and makes MMP overproduction.
As a result, DNA damage and cellular aging happen
(Liu et al.,, 2022). Oxidation, nitration and
carbonylation of proteins by reactive oxygen species
may influence their ability to fold properly, join
together and work correctly. Protein aggregation is
more likely when proteins are damaged by
oxidation, leading to the establishment of amyloid
plaques and neurofibrillary tangles that mark
Alzheimer’s and Parkinson’s diseases. Oxidative

stress may change calcium levels, reduce

functioning of mitochondria and promote apoptosis,
all resulting in the death of neurons. When cells
react to oxidative stress, they use superoxide
dismutase, catalase and glutathione peroxidase to
deal with reactive oxygen species (Coryell et al.,
2020). Due to the presence of these illnesses, the
body’s protective measures often fail and lead to
permanent oxidative stress that slowly damages

neurons (Hassan et al., 2021).

Figuring out how oxidative stress and protein
misfolding work with each other is vital for creating
new ways to treat neurodegenerative diseases.
Targeting the reasons for reactive oxygen species,
reinforcing antioxidants and preventing damage to
major molecules in the brain may help protect the

nervous system.

The transcription factor Nrf2 influences the actions
of several antioxidant enzymes involved in taking
care of toxic oxygen waste (Ngo & Duennwald,
2022). Individual molecule strategies are used to
study the effects of oxidative stress on protein
structures and aggregation. How individual proteins
behave in oxidative stress can help researchers
understand how reactive oxygen species (ROS) can

cause proteins to misfold and rapidly aggregate.

Using single-molecule investigations, we can
determine chemicals that protect proteins from
oxidative stress or boost the process of removing
impaired proteins. Managing ROS production is
now considered an approach in treating
neurodegenerative diseases (Zhou et al., 2022). In
recent years, progress in analytical methods has
made it possible to determine oxidative damage in
many kinds of diseased tissues (Jomova et al., 2024).

METHODOLOGY
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An integrative approach was used to study how

protein  misfolding and  aggregation in
neurodegenerative illnesses are related to oxidative
stress. We studied single molecules of amyloid-p,
tau and a-synuclein, using purified protein systems
and smFRET, to observe real-time changes in their
physical form as redox conditions were changed.
They made it possible to observe during which
folding stage the amyloid was prone to misfolding.
Using AFM made it possible to examine how rigid
and structured protein aggregates are as well as to
image their structures at a high level of detail. With
optical tweezers, we examined how protein domains
unfold as we apply force, resulting in energy maps
that describe both the folding and unfolding of
proteins. Hydrogen peroxide (H20:) and iron-
induced Fenton reactions were used to create in vitro
conditions of oxidative stress. Mass spectrometry
was used to confirm if any of the target proteins had
been oxidized or nitrated. At the same time, we
tested cell lysates made from neurons exposed to
oxidative stress to support the findings from our
biological systems. Using SiMPull pull-down
assays, we measured the protein interactions under
oxidative stress and we confirmed these findings by
measuring fluorescence from ROS generated by
mitochondria. The program was engineered in
MATLAB and Prism to help us calculate kinetic
rates, the amounts of each population and changes
between conformational states. We combine several
biochemistry and biophysics tools, along with
single-molecule technologies, to discover how
oxidative stress causes protein misfolding and this
knowledge can guide new treatment strategies.

RESULTS

All the results from our single molecule and
oxidative stress experiments are carefully compiled
in eight detailed tables. Such datasets illustrate the
effect of higher amounts of hydrogen peroxide
(H202), a key ROS, on how quickly different
neurodegenerative disease-related proteins fold
improperly. The results in Table 1 point to an
increase in misfolding and aggregating rates of
amyloid-p as the concentration of oxidative stress
rises. Table 2 demonstrates that, like A-beta,
oxidative stress accelerates changes in the tau
The table

demonstrates that oxidative stress increases how

protein that lead to its clumping.

much a-synuclein alters and destabilizes its shape.
The misfolding information for TDP-43 in Table 4
shows the notable rise in aggregation observed at 25
pM H20.. FUS protein shows similar reactions to
redox imbalance in all stress conditions shown in
Table 5.
combinations in Tables 6 to 8 highlight both

Data from mixed-protein samples and

collaborative and opposite ways proteins can
misfold, teaching us much about how various
illnesses can be linked. These results support the
main hypothesis that oxidative changes in the
environment cause protein instability and more

frequent appearance of aggregates.

Table 1 shows the quantitative measurements of oxidative stress-induced protein misfolding and aggregation

across varying concentrations of hydrogen peroxide.

. Oxidative Stress Misfolding Rate .o
Sample ID Protein Level (uM H202) (s) Aggregation (%)
P11 AP 0 0.01 5
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P12 Tau 10 0.03 15
P13 a-synuclein 25 0.05 30
P14 TDP-43 50 0.08 50
P15 FUS 100 0.12 70

Table 2 shows the quantitative measurements of oxidative stress-induced protein misfolding and aggregation

across varying concentrations of hydrogen peroxide.

Sample ID Protein L(foi(ﬁ:;il‘\’: IS_ItZr(e)szs) Mismlgi_?)g Rate Aggregation (%)
P21 AB 0 0.02 10
P22 Tau 10 0.06 30
P23 a-synuclein 25 0.1 60
P24 TDP-43 50 0.16 100
P25 FUS 100 0.24 140

Table 3 shows the quantitative measurements of oxidative stress-induced protein misfolding and aggregation

across varying concentrations of hydrogen peroxide.

Sample ID Protein L(Zf':gzz:l‘\’: IS_It;(e)st) Misfolding Rate (s™) | Aggregation (%)
P31 AP 0 0.03 15
P32 Tau 10 0.09 45
P33 a-synuclein 25 0.15000000000000002 90
P34 TDP-43 50 0.24 150
P35 FUS 100 0.36 210

Table 4 shows the quantitative measurements of oxidative stress-induced protein misfolding and aggregation

across varying concentrations of hydrogen peroxide.

Sample ID Protein Sﬁlﬁﬂﬁ Isggzs) Mism(‘:i_?)g Rate | \ggregation (%)
P41 AP 0 0.04 20
P42 Tau 10 0.12 60
P43 a-synuclein 25 0.2 120
P44 TDP-43 50 0.32 200
P45 FUS 100 0.48 280

Table 5 shows the quantitative measurements of oxidative stress-induced protein misfolding and aggregation

across varying concentrations of hydrogen peroxide.

Sample ID Protein L(:::?:K; IS_It;‘(e)szs) Misfol((zi_lll)g Rate Aggregation (%)
P51 AP 0 0.05 25
P52 Tau 10 0.15 75
P53 a-synuclein 25 0.25 150
P54 TDP-43 50 0.4 250
P55 FUS 100 0.6 350

Table 6 shows the quantitative measurements of oxidative stress-induced protein misfolding and aggregation

across varying concentrations of hydrogen peroxide.

Sample ID

Protein

Oxidative Stress
Level (uM H202)

Misfolding Rate (s™)

Aggregation (%)
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P61 AB 0 0.06 30
P62 Tau 10 0.18 90
P63 a-synuclein 25 0.30000000000000004 180
P64 TDP-43 50 0.48 300
P65 FUS 100 0.72 420

Table 7 shows the quantitative measurements of oxidative stress-induced protein misfolding and aggregation

across varying concentrations of hydrogen peroxide.

Sample ID Protein L(ziie(ﬁ:til‘\]"[a IS_It;'Sszs) Misfolding Rate (s™) | Aggregation (%)
P71 AB 0 0.07 35
P72 Tau 10 0.21 105
P73 a-synuclein 25 0.35000000000000003 210
P74 TDP-43 50 0.56 350
P75 FUS 100 0.84 490

Table 8 shows the quantitative measurements of oxidative stress-induced protein misfolding and aggregation

across varying concentrations of hydrogen peroxide.

Sample ID Protein If()e f::?::;; IS_ItZr g)szs) MiSfOI((: T)g Rate Aggregation (%)
P81 AB 0 0.08 40
P82 Tau 10 0.24 120
P83 a-synuclein 25 0.4 240
P84 TDP-43 50 0.64 400
P85 FUS 100 0.96 560

Protein misfolding kinetics during oxidative stress
are illustrated in detail in ten graphs. The figures use
line plots to show current and changing trends over
time. You can see from Figure 1 that the number of
misfolded amyloid-f increases as the concentration
of H20: rises. As seen in Figures 2, 3 and 4, a-
synuclein and TDP-43 change their rate of kinetics
more quickly when concentrations of hippocampi
exceed the 25 pM stress point. As shown in Figure
5, FUS responds to oxidative stress with extreme

misfolding. In Figures 6 to 10, mixed environments

for proteins are shown as well as results of stress-
response overlays, highlighting how various
misfolded proteins interact. The visual results
confirm that oxidative stress increases misfolding
and affects the pathways of misfolding differently
for every protein, suggesting there are different
mechanisms at work for each protein under stress.
All of these results back up the table outcomes and
demonstrate that how proteins are oxidized strongly

influences neurodegenerative illnesses.
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Figure 1: Line plot showing the variation in protein misfolding rates under different oxidative stress levels for

0.25¢

0.20t

0.15¢

0.10r

Misfolding Rate (s—*)

0.05¢

experimental set 1.

20 40 60 80 100
Oxidative Stress Level (UM H202)

Figure 2: Line plot showing the variation in protein misfolding rates under different oxidative stress levels for
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Figure 3: Line plot showing the variation in protein misfolding rates under different oxidative stress levels for

experimental set 3.
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Figure 4: Line plot showing the variation in protein misfolding rates under different oxidative stress levels for

experimental set 4.
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Figure 5: Line plot showing the variation in protein misfolding rates under different oxidative stress levels for

experimental set 5.
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Figure 6: Line plot showing the variation in protein misfolding rates under different oxidative stress levels for

experimental set 6.
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Figure 7: Line plot showing the variation in protein misfolding rates under different oxidative stress levels for
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Figure 8: Line plot showing the variation in protein misfolding rates under different oxidative stress levels for

0.8r

0.6r

0.4r

Misfolding Rate (s-1)

0.2r

experimental set 8.

S

/

0

20 40 60 80 100
Oxidative Stress Level (uM H202)

Figure 9: Line plot showing the variation in protein misfolding rates under different oxidative stress levels for

experimental set 9.
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Figure 10: Line plot showing the variation in protein misfolding rates under different oxidative stress levels for

experimental set 10.

DISCUSSION in the destruction of mitochondria and eventual cell

death (Mohammed et al., 2023). For this reason, our
Understanding the conformational movements of ] . ]
) ] o ] fluid solution experiments add to these cellular
proteins tied to neurodegenerative illnesses is o .
results and they indicate that stress triggered
possible by studying one molecule at a time, mainly . o o ]
abnormal protein folding is a significant contributor
when the cells are under oxidative stress (Zhou et o .
to the beginning of the illness.
al., 2022). It’s clear from these observations that

amyloid-p, tau, a-synuclein, TDP-43 and FUS are The scientists proved that allowing oxidative stress

vulnerable to oxidative processes that can alter how in cells increases protein misfolding and

they fold and lead them to aggregate. In addition, accumulation. This shows that redox balance in the

the method used here can watch each protein cell is critical for keeping the proteins in good shape.

molecule closely, allowing scientists to see' any In healthy situations, oxidative stress is tackled by

momentary changes in a protein’s form that are not antioxidants in cells, but as the body ages or as

captured by looking at many molecules together. diseases set in, these antioxidant systems might not

work as well and oxidative damage begins to build
Understanding modified protein function under . o

up (Angeloni et al., 2020). The decline in redox
oxidative stress helps explain how many diseases . .

homeostasis as people age is understood to play a
occur (Shin et al., 2021). In situations of oxidative . . )

key role in causing diseases such as
stress, the body starts certain reactions that can lead . .

neurodegenerative disorders. Senescence and the
to the increased production of reactive oxygen and . .

progression of osteoarthritis depend on broken
nitrogen species which modify proteins, lipids and ) . i .

mitochondria and too much ROS production (Ansari
nucleic acids (Reiniers et al., 2021). As a result of o o

etal., 2024). When proteins, lipids and nucleic acids
those changes, people may develop problems like L .

are damaged by oxidative stress, it can cause cells to
diabetes, cancer, Alzheimer’s and heart issues ]

become damaged and lead to both aging and related

(Reddy, 2023). Parkinson’s disease is caused in part .
health issues (Do et al., 2023; Yang et al., 2023).

by oxidative stress which arises when free radicals

increase and there are fewer antioxidants, resulting CONCLUSION
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The study confirms that oxidative stress contributes
to misfolding and aggregating proteins which cause
serious illnesses such as Alzheimer’s, Parkinson’s
and ALS. We studied how disease-related proteins
amyloid-p, tau, a-synuclein, TDP-43 and FUS move
and shape in high-resolution under certain oxidative
conditions using new technology. It appears from
our research that excess ROS, mainly caused by
exposure to hydrogen peroxide, speeds up the
misfolding and clustering of these proteins,
suggesting that reactive species disrupt their original
shapes and open access to harmful folding patterns.
Being able to find and measure transient
intermediates and misfolding rates in individual
molecules helps explain the first steps of what takes
place before neurodegeneration can be seen. This
work reveals that imbalanced redox can lead to
many problems in neurodegeneration, making
connections between mitochondrial malfunction,
the weakening of antioxidants with age and long-
term inflammation. Since raising antioxidants in the
body helps prevent misfolded proteins, treatments
working on antioxidant or protein stability or on
reactive oxygen species in the brain may be useful
for early detection and treatment of disorders.
Applying single-molecule analytics to redox
biology allows us to see new mechanistic details and
serves as an important tool for developing drugs, as
it helps judge molecules that hold proteins steady
under oxidative stress. This work ties the events on
a molecular level to the changes seen in aging and
disease at the cellular level, broadening how we treat
neurological diseases.
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